Abstract Based on magnetron hollow cathode discharge, the magnetic condition of glow plasma generation in high vacuum, including both direction and magnitude of the applied magnetic field, is theoretically derived and experimentally evaluated in this paper. Single particle orbital theory is introduced to discuss the possibilities to generate glow plasma at gas pressure under 10 −2 Pa when the magnetic field direction is parallel or perpendicular or oblique to the electric field direction. A quantitative estimation criterion of magnetic induction intensity is also proposed in theory. The comparison with experiments suggests that glow plasma in high vacuum will form more easily in oblique magnetic field condition and that the criterion is accurate enough to estimate magnetic induction intensity at a certain gas pressure.
Introduction
Hollow cathode glow discharge is a simple and convenient means for producing high-density plasma at relatively low gas pressure. Based on the hollow cathode effect [1] , which results in efficient ionization of the residual gas and involves oscillatory motion of the primary electrons inside the device, the hollow cathode discharge has high energy efficiency and found wide applications in ion sources [2] , plasma electron sources [3] , and plasma generators [4] . Thus, the hollow cathode discharge has long been a hot topic in the field of low-temperature plasma. Related studies include an experimental investigation of glow discharge in hollow cathode geometries at 4 Torr (about 532 Pa) [5] , and plasma treatment of polyethylene powder particles in a hollow cathode glow discharge at gas pressure 41-51 Pa [6] . In classical glow discharging experiments, the pressure condition to produce glow plasma is about 10 2 -10 5 Pa, while that of hollow cathode discharge is about 1-10 3 Pa. If glow plasma is produced at lower gas pressure, extra magnetic field needs to be attached to hollow cathode geometry. According to single particle orbital theory, motion distance of an electron must be longer than its mean free path at the start of glow discharge to cause collision ionization, followed by occurrence of glow plasma [7] . Using magnetron hollow cathode geometries, electrons oscillate back and forth between two cathodes over cyclotron motion. Although previous studies have made many specific investigations and applications of glow plasma at low gas pressure, few have purposely investigated the relation between magnetic induction intensity and gas pressure. However, it is of significant importance for related experiments to estimate suitable magnetic induction intensity in advance, which means much less time and workload. The work studies the best magnetic condition to produce glow plasma in high vacuum by improving the rate of ionization, and proposed a quantitative criterion of minimum magnetic induction intensity.
The rest of this paper is organized as follows. In section 2, single particle orbital theory is applied to analyze the production of glow plasma in three magnetic conditions where the magnetic field direction is parallel or perpendicular or oblique to the electric field direction, and a minimum magnitude of magnetic induction intensity to produce glow plasma is theoretically derived. In section 3, the correctness and accuracy of the theoretical results is verified by experiments. Finally, some conclusions are given in section 4.
Theoretical analysis
In general, magnetic field line may be parallel or perpendicular or oblique to electric field line. The possibilities of forming a glow plasma in these three situations are analyzed as follows. Electric and magnetic fields are assumed to be uniform in order to keep generality and to make derivation easy.
Direction of magnetic field parallel to that of electric field
While the direction of magnetic field parallels that of electric field, electrons without an initial velocity are subjected to the force of electric field and move almost only along the electric field lines, resulting in little force from magnetic field. Thus it is only under the force of electric field that electrons move in hollow cathode geometry [8] . In this case, magnetic induction has little effects on the glow discharge and hollow cathode glow plasma can hardly form in high vacuum without extremely high voltage.
Direction of magnetic field perpendicular to that of electric field
The motion equation of charged particles in electric and magnetic fields is expressed as
Decompose vectors υ, E, B on each axis of the Cartesian coordinate system [9, 10] .
(1) is expanded to scalar expression on each axis as follows.
While the direction of electric field is perpendicular to that of magnetic field, we assume that the electric field in the Z-axis direction E z = 0 and the magnetic induction intensity in the X-axis direction B x = 0, besides B y = B z = 0, E x = E y = 0. Excited by the field emission from the cathode plate, electrons are assumed to have an initial velocity in the the Z-axis direction only. Then the solution is
The above formulae are integrated over time to give displacement equations below.
where acceleration from the force of electric field is a 3 = qE z m , and angular velocity is ω 2 = qB x m . According to Eq. (4), the particle makes uniform circular motion around magnetic field line and constant motion in direction E × B simultaneously. Assuming that its initial velocity is 0, the quantity of constant velocity
. As the trajectories of both motions are in the plane perpendicular to the magnetic field direction, the motion can be considered as a uniform circular motion around the magnetic induction line with its axis along the direction E × B.
As shown in Fig. 1 , if the maximum displacement in the Z-axis direction is shorter than electrode gap, the electrons can not pass through the anode aperture of hollow cathode geometry. In this case, glow plasma can't be generated since electrons will not oscillate between two cathodes. Consider Eq. (4), the displacement in the Z-axis direction has a maximum z max .
From the above analysis, the condition to produce glow plasma in high vacuum is z max > d (the value d is electrode gap). So the magnetic condition comes up as
According to the above expression, if v z0 = 0, E = 16000 V/m, d = 2.5 cm, magnetic condition is B < 0.853 mT. In this case, the displacement in the Y -axis direction is y=0.14288 m. As the diameter of anode aperture is usually 4-8 cm in the lab, the electron has drifted out of the anode aperture and can not oscillate between two cathodes. Therefore, hollow cathode glow plasma in high vacuum can hardly form in a transverse magnetic field.
Directions of magnetic and electric fields intersect at a small angle
Assuming that uniform magnetic and electric field intersects at θ, the spatial rectangular coordinate system is built up in Fig. 2 to calculate the motion distance of an electron between anode and cathode. In the spatial rectangular coordinate system, the magnetic field direction is along the Z-axis, while electric field direction parallels the ZOX plane. The angle between them is θ.
According to Eqs. (3), the components along three directions are
Solve differential equations and obtain the velocity components in three directions as follows.
where angular velocity is ω = v ⊥ R = qB m . The above formulae are integrated over time to obtain the following displacement equations.
According to the expression above, an electron simultaneously makes cyclotron motion in the XOY plane and parabolic motion in the YOZ plane. Thus an electron oscillates back and forth over cyclotron motion in three-dimensional space. Trajectory of an electron is drawn by software Matlab as shown in Fig. 3 . In the XOZ plane, the electric field direction is perpendicular to the surface of electrodes. When the component of an electron displacement along the electric field exceeds the electrode gap, the electron reaches anode. Thus transit time can be calculated from electrode gap as follows. Fig. 4 shows the XOZ planar projection of the position of an electron. The displacement in the direction along the electric field
For estimation, on the right side of Eq. (10), the first term is smaller than the second by about four orders of magnitude, so the first term can be neglected. If the displacement in the direction of the electric field is equal to the electrode gap d, the motion time τ can be
(11) For estimation, in Eq. (11), the first term under radical sign is bigger than the second by about three orders of magnitude, so the second term can be neglected. Thus
To reach the mean free path, the number of oscillation is calculated as
where λ is the mean free path whose equation is λ = kT √ 2πd 2 p . As shown in Fig. 5 , electric field direction is perpendicular to the Y -axis in the cathode plane. Since the direction of drifting velocity is E × B, the drifting velocity in the Y -axis is along E x × B, as shown in Fig. 6(a) . So the direction of drifting velocity in the Y -axis does not change on two sides of anode. The drifting trip of an electron is shown in Fig. 6(b) . Suppose an electron travels from the origin, the accumulated drifting displacement in the Y -axis direction must be shorter than the diameter of the anode aperture before the occurrence of collision ionization, which ensures the electron to oscillate through anode aperture between two cathodes. Therefore, the condition for glow plasma generation is 4N |y| < 2R.
That is
Saying, the ignition voltage is 400 V, the radius of anode aperture is R=4 cm, the angle between magnetic and electric fields is θ=10 • , the electrode gap is d=2.5 cm, the temperature T = 20
• C, the pressure is 6 × 10 −3 Pa, and the discharged particle is an electron. The magnetic condition by the theoretical derivation is B >74.607 mT.
Experimental results
Experiments to produce hollow cathode glow plasma are made to verify the above theoretical analysis.
Direction of magnetic field perpendicular to that of electric field
In the lab, with magnets whose magnetic induction is 0.6 mT, hollow cathode glow plasma can not be observed at the pressure under 0.1 Pa when the voltage between anode and cathode is up to 5000 V, which agrees with the theoretical derivation in section 2.2. Thus, when the directions of electric and magnetic fields intersect at right angles, hollow cathode glow plasma can hardly be generated in high vacuum.
Directions of magnetic and electric fields intersect at a small angle
As shown in Fig. 7(a) , a set of magnetron hollow cathode geometries is fixed in cylindrical vacuum tube.
Two circular permanent magnets in cathodes produce the magnetic field, as shown in Fig. 7(b) . The angle between electric and magnetic fields ranges from 0
• to 46
• . The discharging device (made of aluminum) and magnetic field lines in vacuum hood are shown below [11−15] . At the condition of 6 × 10 −3 Pa and 20
• C, the minimum magnetic induction intensity to generate the hollow cathode glow plasma is 80.6 mT (on the surface of cathodes), which is consistent with the derived result. The glow plasma in the lab is shown in Fig. 8 . Besides, similar experiments at different gas pressures are conducted. Both theoretical and experimental results are presented in Table 1 , where theoretical magnetic induction intensity means the minimum magnetic induction intensity derived from the result of section 2.3, and experimental magnetic induction intensity means the magnetic induction intensity on the surface of cathodes at a certain pressure at which a glow plasma can form. It is obvious that experimental results are approximately consistent with the theoretical analysis.
Conclusions
a. In high vacuum, hollow cathode glow plasma can hardly be generated if the direction of uniform magnetic field is parallel or perpendicular to that of electric field. However, if directions of electric and magnetic fields intersect at a small angle, hollow cathode glow plasma can be generated more easily.
b. When the directions of electric and magnetic fields intersect at a small angle, the magnetic condition to generate a glow plasma in high vacuum is B > λ sin θ R Em sin θ 2qd cos θ .
